Background With the introduction of hybrid positron emission tomography/magnetic resonance imaging (PET/MRI), a new imaging option to acquire multimodality images with complementary anatomical and functional information has become available. Compared with hybrid PET/computed tomography (CT), hybrid PET/MRI is capable of providing superior anatomical detail while removing the radiation exposure associated with CT. The early adoption of hybrid PET/ MRI, however, has been limited. Objective To provide a viable alternative to the hybrid PET/ MRI hardware by validating a software-based solution for PET-MR image coregistration. Materials and methods A fully automated, graphics processing unit-accelerated 3-D deformable image registration technique was used to align PET (acquired as PET/CT) and MR image pairs of 17 patients (age range: 10 months-21 years, mean: 10 years) who underwent PET/CT and body MRI (chest, abdomen or pelvis), which were performed within a 28-day (mean: 10.5 days) interval. MRI data for most of these cases included single-station post-contrast axial T1-weighted images. Following registration, maximum standardized uptake value (SUV max ) values observed in coregistered PET (cPET) and the original PET were compared for 82 volumes of interest. In addition, we calculated the target registration error as a measure of the quality of image coregistration, and evaluated the algorithm's performance in the context of interexpert variability. Results The coregistration execution time averaged 97±45 s. The overall relative SUV max difference was 7% between cPET-MRI and PET/CT. The average target registration error was 10.7±6.6 mm, which compared favorably with the typical voxel size (diagonal distance) of 8.0 mm (typical resolution: 0.66 mm × 0.66 mm × 8 mm) for MRI and 6.1 mm (typical resolution: 3.65 mm × 3.65 mm × 3.27 mm) for PET. The variability in landmark identification did not show statistically significant differences between the algorithm and a typical expert. Conclusion We have presented a software-based solution that achieves the many benefits of hybrid PET/MRI scanners without actually needing one. The method proved to be accurate and potentially clinically useful.
Introduction
Positron emission tomography (PET) provides functional data that are invaluable for assessment of oncological processes in both children and adults. Until 2011, PET imaging had been coupled traditionally with computed tomography (CT), initially as standalone, and more recently as integrated hybrid scanners, to provide correlative anatomical data and attenuation correction maps. While PET/CT provides both excellent anatomical and functional data, it comes at the cost of significant radiation exposure. Oncology patients are particularly at risk for high cumulative lifetime doses given the need for frequent disease monitoring and imaging [1, 2] . Children have increased sensitivity to ionizing radiation, as well as an expectedly longer post exposure lifespan [3] [4] [5] . There has been a concerted effort through the Society for Pediatric Radiology and its Image Gently campaign to optimize pediatric imaging protocols toward as low as reasonably achievable (ALARA) principles to mitigate the possible long-term effects of ionizing radiation.
The multimodality nature of PET/CT imaging allows strategies of minimal radiation to be employed on two fronts: decreasing PET dose and decreasing CT dose. Technical considerations limit the extent to which the PET dose can be modulated. In 2010, North American consensus guidelines provided a reference for recommended weight-based ranges for administered dose [6] . More recently, 2014 consensus guidelines from the Society of Nuclear Medicine and Molecular Imaging and the European Association of Nuclear Medicine established recommended minimum doses of 18 Ffluorodeoxyglucose (FDG) for PET imaging [1] . Decreasing CT dose below that of diagnostic quality has been shown as a viable option with the trade-off of decreased anatomical contrast resolution [7] [8] [9] [10] . Although the low-dose technique is adequate in high-contrast anatomical regions, such as the lungs and bone, soft-tissue findings can be easily obscured. In these cases, additional imaging such as contrast-enhanced magnetic resonance imaging (MRI) or CT is often needed for follow-up.
With the commercial introduction of hybrid PET/MRI systems beginning in 2011, a new option has become available to provide improved anatomical detail, compared with CT, while decreasing radiation risk exposure. While theoretically offering the best of both worlds, early adoption of hybrid PET/MRI has been limited. The physical footprint, need for both magnetic and radiation shielding, and the physical infrastructure necessary to house the current generation PRT/MRI scanners can be daunting for many medical centers, particularly those in urban settings. The capital investment required for initial purchase and infrastructure upgrade, coupled with the lower volume of PET imaging performed in pediatric centers, puts procurement of a new PET/MRI scanner outside the financial capacity of many pediatric centers that have recently upgraded from PET to PET/CT hybrid scanners in the past decade.
As most academic pediatric centers already have PET/CT and MRI scanners available, we present a solution of using data acquired from existing hardware, coregistered by a software algorithm in a clinically practical minute-order speed, to produce a PET-MR image data set for clinical interpretation. We believe that our solution can provide visually appealing and technically adequate data without significant misregistration or alteration of maximum standardized uptake value (SUV) to serve as a viable alternative to the need for upgrading to the hybrid PET/MRI hardware.
Materials and methods
A retrospective analysis was performed using Montage software (Montage Healthcare Solutions, Inc., Philadelphia, PA, USA) to identify all patients at our hospital who underwent PET/CT and body MRI (chest, abdomen or pelvis) between January 2011 and August 2013. In particular, we focused on patients who underwent low-dose (9 mA-10 mA in our case) attenuation correction (AC)-only CT. Using AC-only CT, indeed, lowers the radiation exposure associated with high-dose (typically 90 mA-250 mA) diagnostic CT. Seventeen patients (age range: 10 months -21 years, mean: 10 years) meeting the inclusion criteria of having studies performed within a 28-day (mean: 10.5 days) interval were identified. This time frame was selected to minimize the possibility for interval therapeutic intervention (surgery, chemotherapy, etc.). These patients were selected for application of the registration algorithm to the clinical MR and PET/CT images and a new coregistered PET (cPET) data set was created in the DICOM format. In 15 of the 17 cases, MRI data included single-station post-contrast axial T1-weighted images. In the remaining two cases, no post-contrast images were obtained. The MRI data were noncontrast axial T1-weighted images in one case and noncontrast axial T2-weighted images in the other. Indications for imaging included four patients with neurofibromatosis type-1; three with rhabdomyosarcoma; two with primitive neuroectodermal tumor; two with lymphoma; two with Ewing sarcoma, and one each with spindle cell sarcoma, hepatocellular carcinoma, hepatoblastoma and renal cell carcinoma. Patient data sets were stripped of protected health identifiers and managed in a HIPAA (Health Insurance Portability and Accountability Act)-compliant fashion. For this type of study, formal consent is not required.
Registration algorithm
The deformable registration algorithm is based on previous work [11, 12] and is described briefly here. The multilevel algorithm starts by performing rigid registration between the two volumetric data sets. The downhill simplex method is used for optimization in rigid registration due to its fast, robust convergence properties, particularly in the face of noise, which is common in practical images. On every subsequent level, each volume is divided into eight smaller volumes by dividing along each of the three axes, and independent rigid registration takes places between corresponding subvolumes. By repeating the volume subdivision and registration processes, local displacements due to soft-tissue deformations can be estimated and then turned into a smooth deformation field using quarternion interpolation. To our knowledge, our algorithm is the only one to use 6-parameter rigid registration at the local subvolume level to model global nonrigid deformation. This process of deformable registration is shown schematically in Fig. 1 . Constraints within the algorithm ensure that physically impossible folding does not occur. Normalized mutual information [13] is used to calculate the intensity-based image similarity between the two corresponding subvolumes. Normalized mutual information from previous levels is factored into the image similarity computation to improve the quality of intensity correlations found at smaller subvolumes. Even with normalized mutual information from previous levels, small subvolumes can be especially susceptible to local noise, so downhill simplex optimization is employed again at this level of the algorithm due to its resilience in the presence of noise. Although fully automatic, a limitation of this and other image similaritybased deformable registration algorithms is the lengthy computation time. To achieve the clinically practical speed of approximately a minute, we have accelerated our algorithm in a commercially available graphics processing unit (GPU). The structure of our algorithm lends itself well to high performance mutual information optimization on a GPU.
Graphics processing unit acceleration
By strategically grouping computation that can execute concurrently with some coordination, a programmer can effectively map an application to cores, shared memory structures and synchronization mechanisms on a GPU for accelerated computing. In our case, a subvolume of the image is assigned to one group of threads, and a voxel within a subvolume is assigned to a thread, which executes on a single core. Each subvolume is optimized independently of the others, while voxels within a subvolume share memory resources. By mapping effectively to a high-performance GPU, we achieve orders of magnitude acceleration over baseline central processing unit (CPU) implementations, enabling clinically viable processing times. In our experiments, the GPU-accelerated registration algorithm written in CUDA (Compute Unified Device Architecture; NVIDIA, Santa Clara, CA, USA) programming framework was run on an independent workstation (Intel ® Core ™ i7-3820 @ 3.60GHz × 8 CPUs with 32 GB random access memory [RAM] and a GeForce GTX 680 GPU, which has 1,536 cores running at 1 GHz with 2 GB of RAM). The hierarchical subdivision in the registration algorithm continued until the final cubes were 32 voxels on an axial edge.
This termination condition meant that the subdivision went on for four levels on the full resolution images used here.
Validation
Our registration algorithm can register MRI to PET or PET to MRI. For the images used in this study, MRI (typical resolution: 0.66 mm × 0.66 mm × 8 mm) had higher in-plane resolution than PET (typical resolution: 3.65 mm × 3.65 mm × 3.27 mm), and, because the transformed image is in the space and resolution of the reference image, we registered the PET image to the MR image. This produced a higher resolution final fusion image. If we had registered MR to PET, we would expect a similar registration accuracy. However, the visualization of the fused image would have degraded because of the lower in-plane resolution of PET. Following registration, PET/CT, MR and cPET images were uploaded into an Advantage Workstation Version 4.5 (General Electric, Fairfield, CT, USA) for visual assessment of image alignment and SUV calculations. Analysis was performed on 16 of the 17 data sets; one MRI data set was unable to be loaded into the Advantage Workstation software and thus was excluded from SUV evaluation. Volumes of interest were selected for lung, liver, kidney, bone and muscle, as present on the imaging field of view, and maximum SUV (SUV max ) values were calculated. Furthermore, 14 of the 16 patients had neoplastic lesions and additional SUV max values were also calculated for one or two lesions, as present within the coregistered field of view. For each volume of interest, a 2-cm diameter sphere was used as the default volume, with decrease in size as necessary to fit within the tissue of interest, or increase in size to fully encompass all of the selected kidney and proximal ureter for measurement of renal activity. The accuracy of cPET-MRI registration was evaluated by comparing the spatial correspondence of selected anatomical landmarks (3D locations in the image space) as given by the algorithm against a reference. A suitable reference is to rely on the correspondence established by clinical experts who identify homologous landmarks in both PET and MR images [14] . Three board-certified radiologists, experienced in interpreting both PET and MR images (M.S.R., fellow, N.M.S. with 9 years' experience, P.K.V. with 20 years' experience), participated in the validation procedure. None of the radiologists involved in the validation process had previously utilized hybrid PET/MRI in clinical practice. For each patient, the experts Fig. 1 Pictorial representation of volume subdivision-based deformable registration algorithm used with the graphics processing unit-accelerated registration identified and marked the same four preselected anatomical landmarks using 3D Slicer [15] . Preselected anatomical landmarks varied from case to case depending on the coverage. Example landmarks were renal calices, intervertebral disks and the margin of solid organs. We ensured that the selected landmarks were unambiguously identifiable by the experts on both PET and MR images and believed that the four widely spaced landmarks were sufficient to validate the coregistration method.
To evaluate the accuracy of cPET-MRI registration, the first metric employed was target registration error, a commonly used measure of registration success. Because the location of a specific landmark as marked by three experts varied slightly, a "test landmark" (MR TEST ), defined as the centroid of the expertdefined locations for that landmark in the MR image (MR E1 , MR E2 , MR E3 ), was created. This step was repeated for each of the 4 landmarks in each of the 17 cases. Please refer to Fig. 2 , and was regarded as providing the ground truth, i.e., the location in the PET image that MR TEST mapped to. The algorithm-determined transformation field (T ALGO ) was then used to determine a location in the PET image (PET ALGO ) that the test landmark (MR TEST ) mapped to after automatic registration. The target registration error was defined as the Euclidean distance between PET EXPERT and PET ALGO , averaged over all landmarks in all cases.
Because experts' views differ slightly, it is reasonable to contrast any disagreement in landmark correspondence between the algorithm and expert results with the interexpert variability as an additional accuracy metric and to judge whether the algorithm's performance is comparable to that of a typical expert [12, 16] . To this end, the four PET points per test landmark (one from the algorithm and the rest provided by three experts) were allocated to four separate groups of three each, as illustrated in Fig. 3 . The reference group consisted of the three experts: PET
the algorithm-determined and the three expert-determined point correspondences. As in a similar registration validation study [16] , a sign test, suitable for studies with small sample size, was performed to assess if the median distance for each group of groups 1-3 was equal to the median distance for the reference group. For this test, a P-value <0.05 was used as the criterion to reject the null hypothesis and to indicate a statistically significant difference.
Results
For all 17 patients, image data were successfully retrieved from the hospital PACS (Synapse; Fujifilm Medical System, Stamford, CT, USA) into the independent registration workstation. The entire computation time, including preprocessing, initial image seeding and deformable image registration, averaged 97±45 s. As shown in Fig. 4 , PET and MRI provide complementary information, particularly useful in the characterization of complex oncological processes. Figure 5 shows TEST more examples of fused cPET-MR images after deformable registration. Following registration, as described before, a total of 64 background volumes of interest were assessed in 16 patients, and 18 neoplastic volumes of interest were assessed in 15 patients. In all, 82 volumes of interest were selected and analyzed, and the results are summarized in Table 1 . Resampling the PET image during the coregistration process causes the difference in SUV max between PET/CT and coregistered PET-MRI.
Of the 17 patients, each with four anatomical landmarks, the average target registration error was 10.7±6.6 mm. The average voxel sizes (diagonal distance) were 6.1 mm for MRI and 5.8 mm for PET. Figure 5 illustrates the opportunity to perform fusion of PET data to post-contrast imaging. As shown in Fig. 6 , even in structures that move significantly due to breathing, the fused cPET-MRI data set is similar in appearance to conventional PET/CT. More examples of cPET-MRI fusion are shown in Fig. 7 . Table 2 summarizes the variability, in terms of pairwise distances, for the reference group and the groups containing algorithm-defined alignment. P-values of 
Discussion
The purpose of this study was to demonstrate and evaluate a novel software-based solution for automated deformable registration of body PET and MRI data sets as an alternative to the dedicated hybrid PET/MRI hardware. To be clinically viable, a software system needs to meet three important criteria: 1) ease and speed of image registration, 2) PET data fidelity and 3) spatial accuracy of the coregistered images. We investigated each of these in this study.
High-speed coregistered data set creation and an ability to interface with the commercially available PACS and nuclear medicine workstations are essential for any third-party advanced application to be used clinically. Utilizing a dedicated processing workstation and advance GPU optimization, the registration algorithm implemented created a coregistered data set in approximately one minute. The registration capability is integrated into our clinical PACS in a similar way as in the study by Li et al. [17] . Time to pull and push data from PACS is based on network configuration, and the minute-order data transfer time we achieved is comparable to the transfer times between scanners, PACS servers and viewing workstations, satisfying the first criterion for the eventual clinical implementation.
A second key criterion in software-based registration is to ensure that the algorithm does not impact the fidelity of the PET data, particularly SUV max, given its utilization in clinical assessment. The overall absolute SUV max difference was 0.27 with a relative difference of 7% for all volumes of interest cPET coregistered PET, PET positron emission tomography a Relative difference, (PET/CT SUV max -cPET-MRI SUV max )/(PET/CT SUV max ) (n=82) ( Table 1 ). In 75 of 82 volumes of interest, cPET SUV max values were lower than the corresponding PET SUV max values. This is expected from the averaging of voxel intensities from data resampling after deformable registration.
In the nine remaining volumes of interest, cPET SUV max was higher than the respective PET SUV max and was likely due to inhomogeneity of tissue uptake and slight variation in volume of interest placement. In these nine cases, the average absolute SUV max increase was 0.13, equivalent to a relative difference of 14%. Variations in SUV max within the same patient between scans are known to be present depending on blood glucose levels, FDG uptake time and recent medication administration, among other factors. Test-retest reproducibility has previously shown that differences in SUV max of 20% are necessary to avoid errors in interpretation due to technical variances [18] . Allowing for these known limitations, the small absolute and relative differences we observed are within system limitations and unlikely to impact clinical interpretation.
Comparing absolute and relative differences in SUV max between PET/CT and cPET-MRI generated with our software to those of hybrid PET/MRI scanners is another strategy for validating PET fidelity, but such comparison is complicated because of a variety of factors. Published data on hybrid PET/ MRI scanners have utilized sequential PET/CT and PET/MRI scannings to utilize a single FDG dose [19] [20] [21] [22] [23] . The inherent decay of 18 F and variable distribution of FDG uptake in normal tissues over time [24] also affects the SUV max reading between successive scans. Prior studies have instead characterized the correlation value between PET/MRI and PET/CT SUV max [19] [20] [21] [22] of normal background tissues. Utilizing a Spearman's correlation coefficient, we found an excellent overall correlation value of 0.99 for all analyzed volumes of Table 3 . Yet another key criterion in software-based registration is accurate spatial mapping between data sets, and this accuracy usually depends on the spatial resolution of the two imaging data sets involved. When compared to hybrid PET/MRI scanner data, our overall misregistration, as measured by the target registration error, is greater than those previously reported: 2.14±1.38 mm for T1-weighted and 2.24±1.12 mm for T2-weighted MRI sequences [25] , and 7.7 mm [26] and 5.8 ±2.8 mm [27] for short tau inversion recovery (STIR) MRI sequences. However, these studies, in general, included higher-resolution images compared to ours. In addition to looking at hybrid PET/MRI, Schmidt et al. [26] and Brendle et al. [27] also analyzed misregistration for retrospectively fused PET and MRI data, using software-based rigid registration. In both studies, the PET image resolution was 1.78 mm × 1.78 mm × 2 mm, and the MR image resolution was similar to ours. The Schmidt study reported an average misregistration of 17.1 mm or approximately 5 times the average voxel size (diagonal distance), whereas the Brendle study reported an average misregistration of 11.9±6.3 mm or approximately 4 times the average voxel size. In contrast, our target registration error is approximately twice the average voxel size of the PET data. These results underscore (1) the need and superiority of deformable registration over rigid registration, when the anatomy has deformed nonrigidly, and (2) effectiveness of our deformable image registration.
In a study focusing on software-based deformable registration of PET and CT, Shekhar et al. [12] reported comparable average misregistration and interexpert variability: 5.5 mm and 5.6 mm, respectively, for data from separate scanners, and 5.9 mm and 6.6 mm, respectively, for data from a hybrid PET/CT scanner. We found a similar trend in that the average target registration error (10.7 mm) was comparable to the average interexpert variability in landmark identification (10.2 mm).
For the purposes of this study, we specifically sought to examine the feasibility of image registration for body imaging of oncological processes. Most of the anatomical landmarks included for validation were intentionally chosen to be located in the upper abdomen to test the accuracy of our coregistration algorithm in structures expected to move considerably from normal diaphragmatic excursion. Because our MRI data sets were obtained as part of a retrospective review, protocols were not standardized with voxel size variability, particularly in the z-axis. As these structures had greater z-axis motion, our observed target registration error was affected by larger voxel dimension along the z-axis. Similar findings have previously been reported by both Rakheja et al. [25] and Schmidt et al. [26] , who found the largest variability in z-axis offset relative to in-plane x-and y-axis offsets.
Assessment of SUV max in subcentimeter lesions is limited by scanner resolution and partial volume averaging. The target registration error we obtained is adequate to localize lesions that would be accurately characterized on PET. Further software optimization, as well as the use of data acquired via volumetric MRI acquisitions, should lower target registration error further.
Integrated PET/MRI systems offer advantages that cannot be readily achieved with software-based registration of separately acquired PET/CT and MRI data sets. These include a single sedation/anesthesia session for both PET and MRI acquisitions, patient convenience arising from a single imaging session, and shorter overall image acquisition time. However, there are several scenarios in which our algorithm would be particularly suited. Replacing diagnostic CT with low-dose CT for purposes of attenuation correction has been reported to result in dose reductions of 50%-65% [9] . Additional work by Fahey et al. [28] using anthropomorphic phantoms demonstrated that when CT was used solely for the purposes of attenuation correction, dose reductions to 4% of diagnostic levels were achievable. In the clinical scenario in which a patient was receiving a staging or restaging body MRI, the use of our algorithm in combination with an attenuation correction only-dose PET/CT would result in decreased patient dose. Likewise, if a patient with a known malignancy, or syndrome predisposing to development of malignancy, such as neurofibromatosis, were to have a suspicious finding on conventional MRI imaging, the image registration of the MRI with PET with ultra low-dose (attenuation correction only) CT could provide data regarding the functional nature of a lesion while minimizing radiation exposure. One situation in which our algorithm could fail is if a procedure, such as resection, takes place between the PET/CT and MR acquisitions. A general limitation of this study is retrospective analysis of previously acquired data resulting in variability of data, particularly the MRI voxel size. Efforts were made to utilize the same MRI sequence (axial post-contrast T1-weighted images), but in two cases, post-contrast images were not obtained and alternative noncontrast sequences had to be employed for registration. While this study examined single-station MRI series, the processing time for multistation body imaging would be expected to scale linearly with resultant cMRI data available to correspond to each imaging station. Given the robustness of the algorithm, multiplanar registration is a possibility in addition to multistation registration. Finally, we did not seek to address the applicability of our algorithm to head and neck or dedicated brain imaging. Given our algorithm's ability to recover soft-tissue deformations, it is ideally suited for extracranial anatomy. Therefore, this study focused on body PET-MRI fusion that warrants deformable registration.
Conclusion
In the continuously evolving world of pediatric oncology, the need for accurate imaging, both functional and anatomical, is of utmost importance. Hybrid PET/MRI scanners represent the cutting edge of imaging technology, merging complementary imaging modalities to provide detailed anatomical and functional results. The cost of implementing such a program, particularly at standalone pediatric centers where PET imaging volume is a fraction of that of adult centers, makes its implementation unachievable for many facilities. The highspeed software-based solution we described is capable of providing clinically useful and accurate imaging, and therefore achieves the benefits of hybrid PET/MRI scanners without the added financial and infrastructure investment.
